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Classical view of power system is characterized by a unidirectional power flow from 
centralized generation to consumers. Power system deregulation gave impetus to a 
modern view by introducing distributed generations (DGs) into distribution systems, 
leading to a bi-directional power flow. Several benefits of embedding DGs into 
distribution systems, such as increased reliability and reduced system losses, can be 
achieved. However, when a zone of the distribution system remains energized after being 
disconnected from the grid, DGs become islanded and early detection is needed to avoid 
several operational issues. 
 
In response to this call, a wavelet-based approach that uses the mean voltage index is 
proposed in this work to detect islanding operation in distribution systems embedding 
DGs. The proposed approach has been tested in several islanding and non-islanding 
scenarios using IEEE 13-bus distribution system. The results have shown the 
effectiveness of the proposed approach compared to other islanding approaches 
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1. Introduction  
1.1 Background 
The electric power grid is aging. The electric power demand has been steadily 
growing over the past few decades. Electric power generating plants follow the load 
demand by increasing the generated power output. In a traditional power system, the 
generation is centralized; i.e., power generating plants are geographically located far from 
the consumers. In order to meet the consumer demand, the generated power has to be 
transmitted through transmission links (power transformers, transmission line, 
underground cables, etc.) built almost 50 years ago. The already stressed transmission 
system may suffer severe congestion in the next few years especially with the increased 
penetration of Plug-in Hybrid Electric Vehicles (PHEVs). Potential economic impacts 
and operational issues such as increased outages, voltage fluctuations and many blackouts 
could result unless an immediate action is taken. 
In response to this call, the concept of embedding distributed generation within 
the distribution system has been introduced. Distributed generation (DGs) are intended to 
change the power generation map from being only centralized to be also distributed and 
hence de-centralized. Distributed generation can supply active and reactive power to local 
loads and also can send excess power back to the grid. Electric utilities optimally install 
these DGs within the distribution system to achieve better power quality, to reduce 
distribution system losses and to improve the distribution system reliability. Moreover, 
renewable-based DGs have been proposed as an eco-friendly power source and hence 




Originally, the concept of embedding distributed generation into the distribution 
system was proposed assuming DGs will always be operating in a grid-connected mode. 
However, few years later, it has been perceived that several operational issues are 
associated with distributed generation when operating in an island mode (a situation in 
which the DG(s) powering a zone of the distribution system becomes isolated from the 
main power system due to inadvertent opening of circuit breaker(s) as depicted in Fig. 
1.1). Examples of these issues are poor power quality resulting from voltage and 
frequency variation due to load-generation mismatch, stability concerns such as lack of 
system grounding and reduced system inertia due to the presence of renewable-based 
DGs. Moreover, islanding operation may present a threat to the safety of the working 
personnel. These issues call for immediate disconnection of the DG as per IEEE Standard 
1547-2003 [1].   
 
 






1.2 Problem Statement and Motivation  
The islanding detection schemes proposed in literature can be grouped into two 
categories: remote and local as shown in Fig. 1.2. Remote techniques are based on 
communication between the electric utility and the DG units. Despite the fact that remote 
techniques are reliable and effective, they suffer high implementation cost. On the other 
hand, local islanding schemes can further be divided into active, passive and hybrid. 
 
 
Fig. 1.2: Classification of islanding detection schemes 
 
Islanding detection schemes are commonly evaluated based on the Non-Detection 
Zone (NDZ). The NDZ corresponds to the range of active and reactive load-generation 
mismatches within the island in which the islanding detection approach fails to identify 




Active methods rely on injecting perturbations in the distribution system to 
facilitate significant changes in the power system parameters and hence allow easy 
detection of the island. Active techniques have small NDZ, but their operation results in 
degrading the power quality because they introduce perturbations in the voltage and/or 
current at predefined intervals which defeats the objective of having digital-grade power 
quality attribute as aimed in smart grid [5]. On the other hand, passive islanding detection 
techniques are based on local measurements of power system parameters at the point of 
common coupling (PCC) of the DG. Passive methods detect islanding conditions by 
measuring changes in the electrical quantities at the DG output. Unlike active methods, 
passive methods are inexpensive, easy to implement due to reduced complexity and 
maintain the quality of power. However, passive methods are less effective compared to 
active methods in detecting island operation due to their large NDZ [2-4].  
Hybrid methods are combinations of both active and passive schemes. They 
introduce perturbations through active methods only after the detection of the island by 
passive scheme and thus, reducing the amount of perturbations injected into the system. 
However, hybrid methods need longer time to detect the island compared to active and 
passive methods. 
Several attributes leading to the transformation of existing distribution system into 
a smart distribution system are outlined in [5] and are summarized as follows:  
 
1. Self-healing: every component making up the smart distribution system should be 
intelligent enough to detect disturbances or abnormal events and respond 




island and activate the necessary protection and control devices to take 
appropriate actions to ensure safe and stable operation. 
2. Digital grade power quality: poor power quality may have economic and 
operational impacts on both electric utilities and consumers. It is aimed that 
electric utilities will supply consumers with high quality of power and therefore 
early detection of islanding operation is needed to allow a reasonable time for the 
“intelligent” protection and controlling devices to interfere and take appropriate 
actions.  
3. Renewable based DG and stability:  combination of renewable and non-renewable 
based DGs may exist within an islanded distribution system. Renewable based 
DGs are equipped with power electronic interface which decouples them from the 
grid and hence may cause stability issues. Early detection of this unstable 
operation is needed to avoid blackouts and frequency drift. 
 
1.3 Contribution 
The main contribution of this thesis is to develop a passive (non-invasive) 
approach to early detect islanding operation in distribution system embedded with 
renewable and/or non-renewable distributed generation and hence avoid operational and 
safety issues that may result because of the island formation. The proposed detection 
approach is aimed to early detect the island formation and to allow enough time for the 
protection switchgear to disconnect the DG(s) within 2 seconds as recommended in IEEE 




robust against non-islanding cases including capacitor switching, sudden load change, 
feeder switching and motor starting to avoid nuisance tripping of DGs. Both versions of 
the IEEE Standard 1547 [1] and [6] recommend early detection of island operation. 
However, a robust and effective islanding detection approach that is capable to identify 
the island case from other non-islanding cases is still an active research area.  
In a smart distribution system, an islanding detection technique is expected to be 
fast, in-expensive, and sensitive to island operation (i.e., near-zero non-detection zone) 
without degrading the power quality. Most of these requirements are satisfied through 
non-invasive (passive) islanding methods; however, the only limitation associated with 
the existing passive islanding methods is the large non-detection zone (i.e., many 
islanding cases are difficult to differentiate from non-islanding cases).  
In this work, the problem of large non-detection zone in passive islanding 
detection method is addressed through the development of the mean voltage index 
defined in the time-frequency domain (using wavelets) and which is very sensitive to 
islanding operation. The performance of the proposed index is evaluated considering 
different problematic islanding (near-zero power mismatch) and non-islanding cases such 
as capacitor switching, sudden load change, motor starting, and other cases that have 
rarely been considered in previous work to the best knowledge of the author such as 





1.4 Thesis Organization  
This thesis consists of five chapters. Chapter 1 explains the need for integrating 
distributed generation into distribution systems followed by a problem statement 
targeting one of the most critical issues (islanding) associated with the operation of 
distributed generation. The major drivers for the research conducted in this thesis are then 
listed, and finally, the contribution of this thesis is outlined.  
 
Chapter 2 is dedicated to literature review on passive islanding detection 
approaches. The assessment of each index used in islanding detection based on its 
effectiveness under different islanding and non-islanding scenarios is undertaken. Also 
the performance of the indices previously introduced in the literature is evaluated based 
on their effectiveness and robustness in successfully detecting the island cases compared 
to other non-islanding cases.  
 
Chapter 3 outlines the main difference between stationary and non-stationary 
signals. It also discusses the limitations of existing signal analysis tools and justifies the 
need for utilizing Wavelet transform to extract hidden features in non-stationary signals 
which is the case for islanding detection. Mathematical formulation of the proposed 
wavelet-based islanding detection index is presented, and finally, a comparative study on 
wavelet basis functions is included with recommendations on the optimal selection of 





Chapter 4 is devoted to simulation results and analysis. The chapter starts by 
providing a brief description of IEEE 13-bus distribution system followed by a system 
description of the modified IEEE 13-bus distribution system embedded with distributed 
generation. This set-up will be used in evaluating the effectiveness of the proposed 
wavelet-based islanding detection approach considering different islanding and non-
islanding test cases. Simulation results are then presented and discussed. 
 



















2. Literature Review 
2.1 Introduction  
This chapter provides a review of previously published work on passive islanding 
detection. The existing islanding approaches that have been developed in the literature 
are presented and discussed. The performance of these islanding detection methods is 
evaluated considering different islanding and non-islanding scenarios. Finally, a 
performance index is introduced to rank the existing passive islanding detection indices 
according to their effectiveness in detecting challenging islanding scenarios and 
robustness against non-islanding test cases. 
 
2.2 Classification of Passive Islanding Detection Techniques 
According to the literature, previous work on passive islanding detection 
approaches can be classified based on the signal processing tool used in deriving the 
islanding detection measuring index. Several time/frequency domain analyzing tools have 
been introduced to solve the problem of islanding detection among which wavelet 
transform seems to be the most popular tool. Wavelet transform has been used 
extensively in the literature and has shown promising results in solving other power 
system problems [7-15]. As a result, the previously published passive islanding detection 
approaches are categorized in this chapter according to wavelet (as signal processing 






Fig. 2.1: Classification of passive islanding detection techniques 
 
2.3 Previous Work on Passive Islanding Detection  
Previously developed passive islanding detection approaches in the literature are 
summarized and statistics regarding the effectiveness and robustness of the islanding 
detection indices used are presented. Table 2.1 lists the islanding (including different 









Table 2.1 Islanding and Non-islanding Cases 
 











C1 Island with active and/or reactive power mismatch (below 15%), 
considered to be the most challenging island case 
C2 Island with deficit of active power generation (mismatch greater or equal 
to 15%) 
C3 Island with deficit of reactive power generation (mismatch greater or 
equal to 15%) 
C4 Island with excess of active power generation (mismatch greater or equal 
to 15%) 
C5 Island with excess of reactive power generation (mismatch greater or 













C6 Capacitor Switching 
C7 Motor Starting 
C8 Sudden Load Change 
C9 Feeder Switching 
C10 Ground faults 
 
Table 2.2 lists the previously developed passive islanding indices. Also, Table 2.3 
ranks these passive indices according to their performances in islanding and non-
islanding cases mentioned earlier. A detailed review of different islanding detection 
approaches including the mathematical formulation of the used indices and discussion on 

































IDM1 Change in system impedance [16] 
IDM2 Change in frequency with respect to change in 
power ( / ) 
[17] 
IDM3 Voltage Unbalance (VU) and Total Harmonic 
Distortion (THD) 
[18] 
IDM4 Vector Surge (VS) [19-20] 
IDM5 Rate of Change of Frequency (ROCOF) [20] 
IDM6 Rate of Change of Power (ROCOP) [21-22] 
IDM7 P-f/Q-V droops [23] 
IDM8 Combined under/over voltage (UOV), under/over 
frequency (UOF), ROCOF, VS 
[24] 
IDM9 Combined rate of change of voltage and change in 
power factor 
[25] 
IDM10 Rate of change of Phase Angle Difference 
(ROCPAD) 
[26] 















IDM12 Change in power coefficients calculated in the 
wavelet domain 
[29] 
IDM13 Combined voltage and frequency coefficients 
calculated in the wavelet domain 
[30] 
IDM14 Energy of single-phase voltage coefficients  
calculated over a 2 cycle window in the wavelet 
domain 
[31] 
IDM15 Combined energy of negative sequence voltage 
coefficients obtained in the wavelet domain and the 
standard deviation of the negative sequence signal 
[32] 













Table 2.3 Assessment of Passive Islanding Detection Methods in Islanding and 





















IDM1 X √ X X X X X X X X 
IDM2 X √ X X X X √ √ X X 
IDM3 X √ X X X √ √ √ X X 
IDM4 X √ X √ X X X X X X 
IDM5 X √ √ √ √ X X X X √ 
IDM6 √ √ X √ X X X √ X X 
IDM7 √ √ √ X √ X X √ X X 
IDM8 √ √ √ √ √ X X X X √ 
IDM9 √ √ X √ X X X √ √ X 
IDM10 √ √ X X X √ X √ X X 












  IDM12 √ √ √ √ √ X X X X X 
IDM13 X √ √ X X X X X X X 
IDM14 √ √ X X X X X X X X 
IDM15 X √ X X X X X X X √ 
IDM16 √ √ √ √ √ √ √ √ X √ 
 
√ – Successful   






2.3.1 Non-Wavelet-Based Islanding Indices 
References [16-27] presented passive islanding detection indices based only on 
time-domain or frequency-domain. However, these studies did not acknowledge the 
capabilities of wavelet transform in extracting both time and frequency characteristics of 
non-stationary signals, and therefore the indices used in these studies are grouped in this 
chapter as non-wavelet-based indices. Moreover, the islanding detection indices 
considered in these studies [16-27] have not been fully tested especially in challenging 
islanding case (i.e., below 15% power mismatch) and non-islanding cases (i.e. capacitor 
switching, sudden load change, feeder switching, etc.). The following is a summary of the 
outcome of these studies. 
 P. O’Kane et. al. in [16] developed a new approach for islanding detection using 
the change in impedance index. Since in grid-connected mode, the impedance seen by the 
DG is smaller compared to the impedance seen in an island mode, the proposed approach 
was successful in detecting islanding scenarios with active power mismatch greater than 
15%. However, according to Table 2.3, the performance of this islanding index degrades 
in islanding test case with either active or reactive power mismatches lower than 15%. 
Moreover, no assessment of the performance of this measure against any of the non-
islanding test cases listed in Table 2.1 was considered in [16]. 
 F. S. Pai et. al. [17] introduced an islanding detection index that relies on the 
changes in frequency with respect to the changes in the active power ( / ). The 
authors of [17] also carried out a comparative study of /  index with the change in 
frequency ( ) index and showed the effectiveness of the proposed islanding detection 




/  index has not been fully tested in situations when the island is operating with 
different active or reactive power mismatches including the most challenging island case 
(power mismatch below 15%). Moreover, the proposed index has not been tested in 
capacitor switching, feeder switching and ground fault scenarios.   
S. I. Jang et. al. [18] proposed the use of the voltage unbalance (VU) index paired 
with total harmonic distortion (THD) for islanding detection. This combination of voltage 
unbalance and harmonic distortion indices are sensitive to changes in the distribution 
system configuration. According to [18], islanding trip signal is initiated if either of the 
following rules is satisfied:  
Rule 1:  	 	 75% 	 	 	 	 100%  
Rule 2:  	 	 50% 	 	 	 	 100%  
 
According to [18], the joint VU-THD index was assessed in islanding scenarios with 
active power mismatch greater than 15% only. However, the performance under active 
and/or reactive power mismatches below 15% has not been considered in [18]. Also, the 
performance of the combined VU and THD index has not been evaluated in feeder 
switching cases which are very common operation in distribution system automation.  
W. Freitas et. al. in [19] presented a frequency-based index known as Vector 
Surge (VS) and is commonly referred to as vector shift. It relies on cycle duration which 
changes under islanding scenarios either with deficit or excess of power generation and is 




PCC voltage. The threshold for phase angle displacement varies between 2° and 20° and 




















2                                          (2.1) 
 
where ∆ /2 ,	  corresponds to the vector surge relay setting,  is the 
synchronous speed, ∆  is the power mismatch between the mechanical power of the 
distributed generator and the electrical power of the load and  is the generator inertia 
constant. In [19], the performance of VS relay was assessed only under islanding 
scenarios with active power mismatches excluding very low or near-zero power 
mismatch cases. On the other hand, the study of the robustness of VS relay against non-
islanding test cases to avoid nuisance tripping of DGs was not considered. However, an 
assessment of VS relay under all islanding scenarios except near-zero power mismatch 
was carried in [20]. As per Table 2.3, the assessment of the ability of VS relay to 
distinguish islanding cases from other non-islanding scenarios was not investigated.  
The authors in [20] also carried out a comparative study between VS and the Rate 
of Change of Frequency (ROCOF) relay under islanding cases except for island with 
near-zero power mismatch. The rate of change of frequency index relies on changes in 
the system frequency which is subject to changes due to large power mismatches. Typical 
setting for ROCOF relay ranges from 0.10 to 1.20 Hz/s.  Despite the better performance 
of VS relay over ROCOF relay, it was concluded that both relays are only capable of 




15% (large NDZ). Moreover, the evaluation of both relays under power system ground 
faults lead to nuisance tripping of DGs.  
Monitoring the rate of change in the output power (ROCOP) at the DG terminal is 
another prudent measure which was proposed in [21]. The authors in [21], utilized the 
changes in the instantaneous DG output power (pDG) measured at the PCC for detecting 
island formation.  
 
TTSSRRDG ivivivp             (2.2) 
 
where, 	and 	, ∈ , ,  are the phase voltages and currents. The change in the 
output power (∆pDG) is further integrated over a time window with defined samples. The 
trip signal was initiated when the integrated value exceeds a given threshold. The 
performance of this measure was conducted for only three cases: 1) sudden load change, 
2) island with deficit and excess of active power generation (mismatch greater than 15%) 
and 3) the most challenging island case (power mismatch below 15%). However, the 
change in the output power of the DG in an island scenario with power mismatch below 
15% and the trip threshold were roughly the same which raises questions about the 
sensitivity of this measure to islanding. The same authors in [22] proposed an improved 
version of the same measure in [21]. According to Table 2.3, a thorough investigation of 
proposed islanding detection measure under deficit and excess of active and reactive 




The work conducted by Alaboudy et. al. in [23] relied on simultaneous P-f/Q-V 
droops for successful islanding detection. Despite the positive performance under 
different islanding active and reactive power mismatches, the developed signature 
technique was not tested for misdetection or nuisance tripping resulting from all the non-
islanding test scenarios listed in Table 2.1. The same applies to the islanding detection 
scheme presented in [24] combining under/over voltage, under/over frequency, ROCOF 
and VS indices. 
Salman et. al. in [25], showed that the rate of change of voltage or the change in 
power factor index, calculated from instantaneous voltage and current signals measured 
at the PCC, are ineffective in determining the formation of islands as standalone index. 
However, the combination of both indices resulted in a useful unified index for detecting 
islands with deficit and excess of active power generation including the most challenging 
test case. With reference to Table 2.3, the evaluation under deficit or excess of reactive 
power mismatches were not considered and also a thorough investigation against non-
islanding cases such as capacitor switching, motor starting, and ground fault test cases 
were not undertaken. Moreover, the distinction between islanding scenarios with deficit 
of power generation and non-islanding test cases such as sudden load change and feeder 
switching relied on hard thresholding.  
Samui et. al. in [26] utilized d-q transformation for estimating the phase angle of 
positive sequence voltage and current signal through three-phase voltage and current 
signals measured at the PCC. Upon calculation of voltage and current phase angles, the 
Rate of Change of Phase Angle Difference (ROCPAD) shown in (2.3) was then 
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where,  and  are the phase angles of positive sequence voltage and current signals 













                       (2.4) 
 
where,  and  correspond to direct and quadrature components. The same formula 
applies for determining the phase angle of positive sequence current signal. The authors 
claimed a reduced NDZ to zero without fully testing the proposed ROCPAD index under 
different active and reactive power mismatches. Again, according to Table 2.3, the 
authors did not fully pinpoint the effectiveness of ROCPAD index against non-islanding 
test cases. 
Samantaray et. al. in [27] proposed a fuzzy-rule based islanding measure 
combining ROCOF, ROCOP and change in frequency indices. The proposed scheme was 
shown to be effective only for islanding scenarios with active and reactive power 
mismatches greater than 15%. The authors carried out an extensive study under sudden 
load change with different loading levels. However, as shown in Table 2.3, a full 




the non-islanding test cases is missing which questions what the authors are claiming 
regarding the islanding detection accuracy.   
Apart from the non-wavelet-based indices mentioned above, there are two indices 
that have been applied to islanding: under/over voltage and under/over frequency [28]. 
However, these indices are not effective in detecting island formation with active power 
mismatch less than 30% (large NDZ) and hence, have not been widely accepted. 
It is important to summarize that indices such as VS, ROCOF, ROCOP, and 
change in frequency that have been commonly  known to be effective in islanding 
detection, still have not been fully investigated under active or reactive power 
mismatches below 15% and against non-islanding test cases such as capacitor switching, 
motor starting, feeder switching and ground faults. Moreover, these methods have been 
evaluated only in the presence of non-inverter based DGs. The performance of these 
indices in presence of inverter-based DGs which are commonly used in case of 
renewable-based DGs still needs further investigation.  
 
2.3.2 Wavelet-Based Islanding Indices 
The application of wavelet transform for islanding detection was adopted in [29-
33]. The wavelet-based indices presented in [29-33] can further be categorized under 
energy-based and non-energy-based indices. In the literature, Discrete Wavelet 
Transform (DWT) was used to calculate both energy and non-energy based indices 
developed in previous work for islanding detection. The following is an overview of 





2.3.2.1  Non-Energy-Based Indices 
Pigazo et. al. in [29] focused on single-phase PV-based DG. They developed an 
approach that relies on extracting the salient islanding features using the change in the 
DG output power. The measured power at the DG was feed to DWT to obtain power 
coefficients at the fifth detailed level. Different basis functions was utilized in [29] such 
as Haar, Biorthogonal 1.5, Biorthogonal 3.1 and Reverse Biorthogonal 3.3. The choice of 
Biorthogonal 1.5 and the use of five decomposition levels were justified based on the 
sensitivity seen in the change of power coefficients before and after the event initiation 
and the response time of the proposed islanding detection algorithm. On the other hand, 
Hsieh et. al. in [30] utilized single-phase voltage and frequency coefficients obtained 
through DWT without justifying the use of the selected basis function (Daubechies 2) or 
the choice of three decomposition levels. Table 2.3 concludes that the work presented in 
[29] and [30], lacks extensive investigation in islanding or non-islanding test scenarios. 
 
2.3.2.2  Energy-Based Indices 
Three energy-based islanding detection indices can be found in the literature [31-
34]. The first energy index was proposed by Hanif et. al. in [31] and uses the energy of 
DWT-coefficients of the voltage at the 2nd detailed level using Daubechies 4 (db4) 














 1                 (2.5) 
 
where, p corresponds to either phase R, S or T and N is the number of coefficients 
existing in the two cycle window. The results of [31] were presented for phase-R voltage 
only which shows that the islanding detection is activated only when the values of the 
energy index exceed certain predetermined threshold. The second energy-based index 
presented in [32], uses the negative sequence voltage signal obtained from a sequence 
analyzer by feeding three phase voltage signals measured at the PCC. Ray et. al. in [32] 
proposed a signature index which combines the energy of the negative sequence voltage 
coefficients obtained through DWT at the first decomposition level and the standard 
deviation of the negative sequence voltage signal.  
The choice of the wavelet function used by the authors in [31] and [32] was not 
justified. Moreover, no scientific basis was introduced for the choice of the sensitive 
wavelet decomposition level (or frequency band). It can be concluded that the energy-
based indices developed in these studies failed to detect the island in the cases listed in 
Table 2.3.  
The third energy-based index was introduced by Lidula et. al in [33] and [34] in 
which the salient islanding features were extracted from the three-phase energy index 
applied to voltage and current signals. The energy of the wavelet coefficients of voltage 
and current in the three phases were calculated by summing the energy content of each 




content was calculated by integrating the square of voltage and current coefficients 
calculated in wavelet domain using Daubechies 4 (db4) wavelet over a time window of 
0.01 seconds. This work utilized all the four detailed levels for identifying islanding 
scenarios from non-islanding test cases. The work carried out in [33] was fully 
investigated under islanding and non-islanding test cases except for feeder switching.  
However, the islanding detection scheme presented in [33] requires the 
application of DWT on the voltage and current signals in all the three phases (six signals) 
and also it requires computing the energy of the wavelet coefficients of the six signals in 
all the four wavelet detailed levels. This significantly increases the computational burden 
and makes this technique unsuitable for practicality. To exemplify this, if  is the length 
of the signal and  is assumed to be the length of the filter; then it takes  operations to 
calculate the coefficients at the first decomposition level followed by /2 for the 
second, /4 for the third and /8 for the fourth resulting in approximately 2  
operations in total. The use of six signals (three phase voltages and three phase currents), 
a total of 12  operations are required which adds high complexity to the algorithm. 
Again, the selection of Daubechies 4 (db4) basis function and utilization of all the four 
detailed levels was not justified.  
Among all the passive islanding detection indices described earlier, only three 
indices were tested in the presence of noise. The authors of [16] performed a study of the 
impact of noise (ranging between 20 to 30 dB signal-to-noise ratio) on the proposed 
fuzzy-based islanding detection index and considering 18 islanding test cases. The fuzzy-
based islanding detection index was shown to be misleading in the 20 dB Signal-to-Noise 




of [32] showed the ineffectiveness of their DWT energy-based index in 20 dB SNR for 
islanding detection.  On the other hand, Lidula et. al. in [33] showed the robustness of 
their energy index in detecting islands with different active and reactive power 
mismatches against highly a distorted environment (10 dB SNR). However, the high 
computational burden of their algorithm limits its practicality.  
 
2.4 Performance Statistical Index  
To summarize the performance of all the passive islanding detection indices 
presented in the literature, a statistical index ( ) has been introduced in this thesis and is 
expressed as the ratio of the number of cases (islanding or non-islanding) that have been 
undertaken by the islanding detection index under study and showed promising results to 
the total number of islanding scenarios and non-islanding test cases that should be 
considered to achieve a robust islanding detection index. 
 
	 	 	 		
	 	 	 			   (2.6) 
 
The performance statistical index for all the passive islanding indices given in 
Table 2.4 which shows that islanding detection methods (IDM1-IDM15) require a 
detailed investigation under islanding scenarios, most importantly including the 
challenging island case (mismatch below 15%) and non-islanding test cases such as 
capacitor switching, feeder switching and ground faults to be considered a suitable 




shown to be effective (except for feeder switching) and also suffers the high 
computational burden.  
 
This thesis introduces a new passive islanding detection algorithm that uses the 
mean sampled voltage index, defined in the wavelet domain, to identify the islanding 
scenarios from other non-islanding test cases. Unlike [33], the proposed method utilizes 
only the voltage signal to detect the islanding operation. Since only the voltage signal is 
required to detect the islanding operation, the computational complexity of the proposed 
algorithm becomes only  operations which is less than that of [33] and hence becomes 
suitable for practicality. The effectiveness of the proposed islanding detection algorithm 
is evaluated under different islanding scenarios with active and reactive power 
mismatches including the most challenging island cases (zero power mismatches) and 
against all non-islanding test cases listed in this chapter. Moreover, the effect of noise on 












Table 2.4 Performance Statistical Index of Passive Islanding Detection 
Techniques 
 



























3. Islanding Detection and Wavelet Transform 
3.1   Introduction 
This chapter introduces the wavelet transform as a time-frequency analyzing tool 
to address the problem of islanding detection in a distribution system embedded with 
distributed generation. Unlike other previously published work in the literature, the work 
presented in this thesis acknowledges the non-stationary nature of the transient voltage 
signal associated with the island operation in distribution systems.  
Recently, wavelet transform has been successfully implemented in solving many 
power system problems including fault detection, power quality event localization and 
load disaggregation. The capability of wavelet in handling non-stationary signals while 
preserving both time and frequency information makes it a suitable candidate for 
islanding detection problem. This chapter starts first by introducing non-stationary 
signals, followed by a brief overview of wavelet transform fundamentals. Then the 
mathematical formulation of the islanding detection index in the wavelet domain is 
presented and finally the selection of suitable wavelet basis and the number of 
decomposition levels are justified.  
 
3.2   Stationary Vs. Non-Stationary Signals 
Signals can be classified as stationary or non-stationary. When the signal 
characteristics do not change over time, the signal is described as stationary. On the other 
hand, when the characteristics of a signal are dynamic in nature (i.e. time varying), the 




to facilitate extracting the temporal and spectral components of interest in the signal.  The 
characteristics of non-stationary signals are dynamic in nature making the processing of 
non-stationary signals intricate [35].  
  
3.2.1 Non-Stationary Signals in Power Systems  
In power systems, voltage and current waveforms following a sudden change in 
the power system (switching of a load, fault inception, opening of breaker, etc.) include 
transient components. In general, the time and frequency characteristics of voltage and 
current transient signals are evolving with time in an unpredictable way. In power 
systems, the root mean square (RMS) index is commonly used to assess the time 
characteristics (such as time variation trend) of a signal while Fast Fourier transform  
(FFT) is used to obtain the frequency characteristics (such as harmonic distortion).  
A simple way to detect the non-stationary nature of power system voltage or 
current signals is explained in this section. Consider the smooth sinusoidal voltage 
waveform depicted in Fig. 3.1, the RMS value of the voltage signal ( ) calculated over a 













                                  (3.1) 
 
where, N is the number of samples in half-cycle window. The half-cycle window is 




3.1 is a smooth sine wave with fixed amplitudes (positive and negative peaks), the RMS 
plot does not show any variations with time as shown in Fig. 3.2 (a) and also the 
frequency spectrum shows a single value at (60Hz) as shown in Fig. 3.2 (b) and hence the 
voltage signal is stationary.  
Fig. 3.3 shows, a synthetic voltage signal containing the fundamental (60 Hz), 
third and fifth harmonics with time-varying distortion and can be mathematically 
expressed as:  
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Visual inspection of the RMS plot of this signal, in Fig. 3.4 (a), indicates time variation in 
the RMS trend. The normalized FFT plot in this case should depict the spectral content at 
the fundamental frequency (60 Hz), third harmonic (180 Hz) and fifth harmonic (300 Hz) 
values only. However, the normalization FFT plot for this signal shows spectral leakage 
around the third and fifth harmonic values (see Fig. 3.4 (b)). In other words, the FFT plot 
depicts spectral values that do not exist in the original signal under study. Therefore, it 
can be concluded that FFT is not suitable for analyzing non-stationary signals because 
such results could be misleading in any detection application in power system, and 
therefore non-stationary signals need special time-frequency analysis tools such as 




Figs. 3.5 (a) – 3.9 (a) shows the voltage waveforms for islanding cases and other 
non-islanding cases such as capacitor switching, motor starting, sudden load change and 
feeder switching simulated in PSCAD/EMTDC software environment. It can be inferred 
from Figs. 3.5 (b) – 3.9 (b), that the RMS voltages in all the islanding and the non-
islanding cases depict variations that are evolving with time which goes along with the 
definition of non-stationary signals.  
 
 




























Fig. 3.2: Time and frequency spectra of clean sinusoidal voltage waveform: (a) RMS voltage, and 
(b) spectral content obtained through FFT 













































































































Fig. 3.4: Voltage waveform with time-varying harmonic distortion: (a) RMS voltage, and (b) 
frequency spectrum content obtained through FFT 





























































Fig. 3.5: Islanding operation: (a) Voltage waveform, and (b) RMS voltage signal 
























































Fig. 3.6: Capacitor switching: (a) Voltage waveform, and (b) RMS voltage signal 































































Fig. 3.7: Motor starting: (a) Voltage waveform, and (b) RMS voltage signal 


























































Fig. 3.8: Sudden load change: (a) Voltage waveform, and (b) RMS voltage signal 


































































Fig. 3.9: Feeder switching: (a) Voltage waveform, and (b) RMS voltage signal 
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Based on the above presentation, it can be concluded that non-stationary signals 
require processing tools that focus on concentrating the energy of the signal locally 
allowing the extraction of salient time-varying features. The signal processing tools for 
analyzing fast time changing characteristics of non-stationary signals are based on joint 
time-frequency domains. The two very well-known time-frequency methods are Short-
Time Fourier Transform (STFT) and Wavelet Transform which are explained in the 
following section.   
  
3.3   Discrete Wavelet Transform  
Wavelet transform is a time-frequency representation of any signal. Unlike, all 
Fourier-based transforms (Discrete Fourier, Fast Fourier or STFT) which suffer fixed size 
window, wavelet transform is able to provide variable size window and hence time and 
frequency resolutions are not compromised. Fig. 3.10 provides a comparison between 

















Fig. 3.10: Time and frequency characteristics of: (a) Fourier Transform, (b) Short-Time Fourier 




To exemplify the strength of Wavelet transform, let’s consider the time domain 
signal shown in Fig. 3.11. The signal is characterized by two sinusoidal functions with 
frequency 500 Hz and 1100 Hz, and two impulses at times 0.125 seconds and 0.13 
seconds. The use of Fourier transform provides only the frequency characteristics of the 
signal with no information regarding the times at which impulses occur as shown in Fig. 
3.12. On the other hand, Short-Time Fourier transform is capable of delivering both time 
and frequency information. However, any attempt to increase the resolution in one 
domain will compromise the resolution of the other domain because of the fixed size 
window. Fig. 3.13 (a), shows the STFT plots in which the frequency information can 
easily be extracted but it is difficult to separate the two impulses because of the poor time 
resolution. This limitation of the Short-Time Fourier transform is eliminated in the 
Wavelet transform which can easily extract both frequency content and the time attributes 







Fig. 3.11: Sum of two sinusoidal functions with frequency 500 Hz and 1100 Hz and two impulses 
at time 0.125 seconds and 0.13 seconds  
 
 
Fig. 3.12: Fourier transform showing frequency information only 





























































Fig. 3.13: Short-Time Fourier transform spectrogram: good frequency resolution but poor time 
resolution. Color map: red is for high values and blue is for small values 
 
Fig. 3.14: Wavelet transform spectrogram: extraction of both frequency and time attributes. Color 






































































 Wavelets are characterized by their local orthonormal oscillating functions, also 
known as orthonormal basis. Unlike Fourier transform, the discrete wavelet transform 
maps one-dimensional signal onto two-dimensional space: time (denoted by ) and 
frequency (denoted by ) using local “short-wave” orthonormal basis rather than infinite 
oscillating basis as in Fourier (see Fig. 3.15).  The Discrete Wavelet Transform (DWT) 
consists of wavelet transform pair comprising of the analysis and synthesis formulas as 
shown in (3.3).  
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         (3.3) 
                   
where,	  is the signal of interest, , 	 are the wavelet coefficients, and , 	  
corresponds to set of scaled wavelets which are stretched and shifted version of the basis 
function 	  as in (3.4): 
 
 ktww jjkj  22 2/,              (3.4) 
 
In (3.4), the basis function is designed in such a way that scaled wavelets at 
different time scales are orthonormal to one another. This is also true for the scaled 
wavelets at different frequency levels or sub-bands. Such wavelets give rise to Mallat’s 
multi-resolution analysis (MRA) [36-37] and can be explained as follows: 
 
Let 		be the space defined to be the set of all signals,	 , which can be 
synthesized from the scaled wavelets , 	  where   and  ∞ ∞  
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               (3.7) 
 
From (3.6) and (3.7), it is obvious that ⊂	 . As  goes to positive infinity 	 enlarges 
to become the signal energy ; and as  goes to negative infinity  shrinks down to 
only the zero signal {0}. In other words, the spaces  are nested inside each other.  
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Construction of multi-resolution subspaces  requires the use of both scaling and 
wavelet functions. The scaled scaling functions , 	  are also stretched and shifted 
versions of the basis scaling function   which can be expressed mathematically as: 
 
 ktjjkj  22 2/,      (3.8) 
 
The scaling and wavelet functions can further be represented by the two-scale 
equation in (3.9) and (3.10). The two scale property in (3.9) gives rise to a low pass filter 
 whereas two-scale equation for wavelet (3.10) gives rise to a high pass filter . 
The low pass and high pass filter bank represents the backbone of the multi-resolution 
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MRA requires that both scaling and wavelet functions be orthonormal to each other at all 
times such that every signal in space  can be decomposed as follow: 
 






























     (3.11)    
                
This can further be written as, 
 





























This shows that the spaces  are the differences (in the subspace sense) 
between the adjacent spaces  and . The term MRA refers to analyzing signals in 
relation to the nested sequence of spaces.  
To exemplify the MRA, the signal  in space  is represented in the time-
frequency domain using three-level decomposition. Note that, for simplicity the 
coefficients related to scaling function are denoted as  while the coefficients related to 
the wavelet function are denoted as . 
 
 At decomposition level 1,  
 
           
















             tDtA 11            (3.13) 
 
At decomposition level 2, 
 



























At decomposition level 3, 
 



























       tDtDtDtA 1233                (3.15) 
 
In (3.13) – (3.15),  ,   is referred to as the approximation coefficients at decomposition 
level  and   are the associated approximation signals constructed at decomposition 
level . Similarly, ,  corresponds to detailed coefficients at decomposition level  and 
the associated signals  are known as detailed signals. The low and high pass filters 
can be  used to compute the wavelet coefficients using the following recursive formula.  
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              (3.16) 
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The above two formulas reveal that the coefficients at decomposition level 1 result 
from the convolution of the coefficients at decomposition level   and the down-sampled 
version of the low pass filter for approximation coefficients and high pass filter for 
detailed coefficients. Graphically, the DWT can be presented by the filter bank structure 






Fig. 3.16: Four-level analysis filter bank structure of DWT 
 
 
The analysis filter banks extract the frequency content of the signal while 
preserving the time-related information. The time-frequency features of any non-
stationary signals are retained in the wavelet coefficients and presented through the 
MRA. This capability of wavelet transform is what makes such transform promising in 
solving the islanding detection problem including the challenging cases that have been 
problematic to many islanding approaches in previous work (power mismatch below 
15%, capacitor switching, sudden load change and feeder switching). 
 
3.4   Wavelet-Based Islanding Detection Index 
The transformation of existing distribution system into smart distribution system 
dictates early detection of island operation without any degradation to power quality. 
Towards these objectives, this thesis introduces a new non-invasive islanding detection 




scenario.  Moreover, the proposed islanding detection algorithm relies on extracting the 
features in the transient voltage using wavelet transform.  
At the point of common coupling at which the DG is tied to the distribution grid, 
the voltage samples of the three-phases (labeled phase R, S, and T) are collected and used 
to compute the mean sampled voltage. 
 





         (3.18) 
 
where  is the mean value of the three-phase voltages at sample i. The DWT is 
then applied to mean voltage ( ) every four cycles (66.66 ms) to compute the 
wavelet coefficients. An update of four cycles is chosen considering the buffer size of 
protection relays and for early detection time. The change in mean voltage coefficients 
(COMV) is calculated and the energy of the wavelet coefficients is then utilized as an 
index for islanding detection. The change in the mean voltage and the associated energy 
of the wavelet coefficients  can be mathematically expressed as in (3.19) and 
(3.20) respectively. 
  














where, ,  represents mean voltage coefficients computed using DWT at 
decomposition level  and sample time  while  represents the number of coefficients in 
a four cycle window. The wavelet library contains many sets of wavelet basis functions 
(Wavelet families) and the selection of the wavelet basis function for this analysis has to 
be carefully determined. Moreover, the choice of the number of wavelet decomposition 
levels determines the width of the frequency sub-bands and therefore proper selection of 
the number of decomposition levels along with localization of the sensitive frequency 
sub-band(s) to islanding detection are needed for this application. The following section 
addresses these selections and provides discussion on the choices made in this thesis in 
these regards. 
 
3.5   Wavelet Basis Function Selection   
In this thesis, the energy of the proposed COMV index is used to detect islanding 
operation in distribution systems embedding DGs. The three-phase voltage signals are 
sampled at a rate of 7.68 kHz (128 samples per 60 Hz cycle). The choice of this sampling 
rate is in compliance with most standard microprocessors and also satisfying Shannon’s 
theorem [38] which states that the maximum frequency level that can be assessed must be 
equal to half the sampling frequency. As a result, five decomposition levels are needed 
for extracting the hidden features in all the wavelet sub-bands including the sub-band 
containing the power system frequency (60 Hz). 
Every wavelet basis function has a unique set of analysis and synthesis filter 




specific event and moreover, the wavelet basis function that is well-suited for one event 
may not be suited for other events. In other words, the wavelet basis function whose 
shape closely matches the shape of the signal under study will result in wavelet 
coefficients with higher values and hence, the choice of wavelet basis function plays a 
crucial role. Since the work presented in this thesis focuses on islanding detection; the 
selection of wavelet basis function is decided based on how close the response pattern of 
the wavelet basis function is to the extracted islanding signal. It is anticipated that the 
wavelet coefficients with the highest energy are associated with the wavelet basis 
functions whose response closely match the signal of interest. As a result, the choice of 
the wavelet basis function and decomposition sub-band is assessed based on the energy 
content of the COMV coefficients for islanding cases.  
In the literature, most of the work done considering the use of wavelet in islanding 
detection has shown successful implementation of several wavelet families in solving 
many problems in field related to engineering and biomedical. Among which, the most 
commonly used families are: Daubechies, Symlets, and Coiflets. The characteristics of 
each family depend on the following properties: 
 
1. Orthogonality: scaling and wavelet functions associated with a given family must 
be orthonormal to allow the decomposition into approximation and detailed sub-
bands.  
2. Symmetry: linear phase response of a symmetrical wavelet helps to avoid 




3. Number of vanishing moments: higher the number of vanishing moments, better 
the frequency response pattern. This is due to the sharp fall-off characteristics in 
the transition frequency bands leading to less energy leakage in adjacent 
frequency sub-bands.   
4. Compact support width: wavelet is said to have compact support if its energy is 
concentrated over a finite interval. Wavelets that have short support width are 
characterized by better localization compared to the infinite sine (or cosine) wave 
that is the basis for Fourier. The support width of a given wavelet is a function of 
the number of vanishing moments.  
 
Wavelets family members are named after their corresponding family. For 
example: Daubechies (dbφ), Symlet (symφ), and Coiflet (coifφ), where φ represents the 
order of the wavelet. Every wavelet within a given family displays unique time-frequency 
characteristics. Among a total set of 89 wavelet family members, a sub-set of 7 wavelets 
listed in Table 3.1 are utilized in studying the problem of islanding detection. The choice 
of this sub-set of 7 wavelets is based on their superior performance in many detection 
applications in field of power systems, signal processing, physics and biomedical [7-8], 
[11], and [39-46].  
Table 3.1 lists the seven wavelets considered in this thesis while Table 3.2 
summarizes their properties. It can be inferred that all seven wavelets are orthogonal and 
only Symlet and Coiflet wavelets are near-symmetric. On the other hand, both 
Daubechies and Symlets of order 4 and 10 have the same number of vanishing moments 




possess 8 and 6 vanishing moments and a support width of 17 (2φ-1) and 19 (6φ-1) 
respectively. 
 
Table 3.1 Comparison between the Seven Wavelets Chosen for the Analysis in 
this Thesis 
 
Wavelet db4 db10 sym4 sym8 sym10 coif3 Coif5
Filter Length 8 20 8 16 20 18 30 
Vanishing moments 4 10 4 8 10 6 10 
Compact support width 7 19 7 15 19 17 29 
 
 
Table 3.2 Properties of the Seven Wavelets Chosen for the Analysis 
 
Wavelet db4 db10 sym4 sym8 sym10 coif3 coif5 
Orthogonality √ √ √ √ √ √ √ 
Near-symmetric X X √ √ √ √ √ 
 
 
Fig. 3.17 shows the time plots and the frequency response plots of Daubechies of 
order 4 (db4) and order 10 (db10) wavelets. Daubechies of order 10 is characterized by 
sharper fall-off frequency response in the transition band compared to Daubechies of 
order 4 which is reflected by the number of vanishing moments. Moreover, Daubechies 
family has non-linear phase response. From Fig. 3.18, it can be inferred that the order of 
the wavelet affects the shape of the wavelet in the time domain. Increasing the wavelet 
order, the shape of the wavelet shows more oscillatory pattern and is also spread out over 




of Symlets (sym4 and sym10), and Coiflets (coif3 and coif5), Figs. 3.19 – 3.22, except 




Fig. 3.17: Magnitude response of Daubechies low pass filters: (a) db4 and (c) db10, and phase 








































































Fig. 3.18: Time response of Daubechies: (a) db4 and (b) db10 
 




































Fig. 3.19: Magnitude response of Symlets low pass filters: (a) sym4 and (c) sym10, and phase 







































































Fig. 3.20: Time response of Symlets: (a) sym4 and (b) sym10 
 




































Fig. 3.21: Magnitude response of Coiflets low pass filters: (a) coif3 and (c) coif5, and phase 











































































Fig. 3.22: Time response of Coiflets: (a) coif3 and (b) coif5 
 
 
One major drawback of using wavelets is that there is no golden rule for selecting 
the optimal wavelet and the appropriate sub-band to suit a given application. As a result, 
one has to rely on statistical measures. In this thesis, the energy content of the wavelet-
based COMV index at all the five decomposition levels utilizing all the 7 wavelets for 
different islanding scenarios (near-zero power mismatch, +10% active power mismatch 
and -10% reactive power mismatch) is used and the results for single DG are presented in 
Figs. 3.23-3.25 whereas the results for two DGs are shown in Figs. 3.26-3.28. From Figs. 
3.23-3.25, it can be observed that the energy content of COMV index is the highest at the 
approximation sub-band with the energy content for near-zero power mismatch case 

































being the lowest among different power mismatch cases. Moreover, it can be inferred that 
there is no significant difference in the energy content resulting from different wavelets at 
the approximation level. The same applies in Figs. 3.26-3.28 for two DG scenario. Thus, 
all wavelets are more or less suitable for islanding detection only at the approximation 
level. However, since the interest lies with the most suitable wavelet in detecting and 
distinguishing islanding from non-islanding scenarios, the performance of these 7 
wavelets under several challenging transient cases such as capacitor switching, sudden 
load change and feeder switching are assessed in this work and the results are presented 
in Figs. 3.29 – 3.31. 
From Figs. 3.29 – 3.31, it can be inferred that both coif3 and coif5 show to be the 
most insensitive (lowest energy content) wavelets to both capacitor switching, sudden 
load change and feeder switching operation and hence, they are the most suitable 
candidates for islanding detection.  However, for practicality, the deciding criteria should 
also take into account the size of the filter in order to reduce the computational burden on 
the microprocessor. Based on Table 3.1, coif3 wavelet has a smaller filter length 
compared to coif5 wavelet and moreover, coif3 wavelet is more localized (support width) 
compared to coif5 wavelet. Based on the aforementioned reasons and results, coif3 is 









Fig. 3.23: Energy of COMV coefficients for island with near-zero power mismatch and a single 
















Fig. 3.24: Energy of COMV coefficients for island with 10% active power mismatch and a single 















Fig. 3.25: Energy of COMV coefficients for island -10% reactive power mismatch and a single 













Fig. 3.26: Energy of COMV coefficients for island with near-zero power mismatch and two DGs 















Fig. 3.27: Energy of COMV coefficients for island with 10% active power mismatch and two 



























Fig. 3.28: Energy of COMV coefficients computed for island with -10% reactive power mismatch 












Fig. 3.29: Energy of COMV coefficients for capacitor switching case (Red refers to large values 














Fig. 3.30: Energy of COMV coefficients for sudden load change case (Red refers to large values 










Fig. 3.31: Energy of COMV coefficients for feeder switching case (Red refers to large values of 













4. Simulation Results and Analysis 
4.1 Introduction  
This chapter is intended to exemplify the proposed islanding detection approach 
presented in this thesis considering different islanding and non-islanding test cases. First, 
the IEEE 13-bus distribution test system which will be used throughout this chapter is 
described. This test system is used to simulate different islanding/non-islanding cases 
considering inverter/non-inverter based DGs. Next, islanding cases (with different power 
mismatches) and non-islanding cases are presented and simulated in PSCAD/EMTDC 
software environment. The proposed islanding approach using discrete wavelet transform 
is applied to these case studies and the results are presented and discussed. Finally, a 
summary of the outcome of these test cases is presented.  
 
4.2 System Description 
This section presents a general description of the original IEEE 13-bus 
distribution test system while the system data are presented in Appendix. The IEEE 13-
bus distribution system is modified in this chapter to incorporate two distributed 
generations (DGs) to investigate performance of the proposed islanding approach with 







4.2.1 Original IEEE 13-Bus Distribution Test System  
The original IEEE 13-bus test feeder shown in Fig. 4.1 is mainly classified as a 
three-phase unbalanced system. It consists of three-phase distribution lines (at buses 650, 
632, 634, 671, 692 and 675), two-phase lines (at buses 645, 646 and 684) and single-
phase lines (at buses 611 and 652). Balanced three-phase loads are connected at bus 671, 
and unbalanced three-phase loads are at buses 634 and 675. Also, the IEEE 13-bus test 
system includes single-phase loads connected to buses 645, 646, 652, 692 and 611, three-
phase shunt capacitor connected at bus 675 and single-phase shunt capacitor connected to 
bus 611, etc.  
 
 





4.2.2 Modified IEEE 13-Bus Distribution Test System  
            The original IEEE 13-bus distribution test system is modified to include two 
distributed generation (DGs) as shown in Fig. 4.2. The first DG is a doubly fed induction 
generator (DFIG) wind farm rated 900 kW at bus 671 while the second DG is a 420 kW 
synchronous generator at bus 634. The sizing and location of the two DGs are optimally 








 4.3 Test Cases 
            The proposed islanding detection approach has undergone extensive testing 
through a total of fifty test cases. First, eighteen islanding test cases considering different 
power mismatches are simulated. Two main islanded DG scenarios are considered in this 
chapter: 1) the formation of an island incorporating the 900 kW wind farm DG through 
opening of the main circuit breaker with switch SW1 open (single DG in the island, 900 
kW only), and 2) the formation of an island incorporating both the 900 kW wind farm 
DG and the 420 kW synchronous generator DG by closing switch SW1 (two DGs in the 
island, 900 kW and 420 kW). Next, twelve non-islanding test cases are simulated 
involving capacitor switching, three-phase light and/or heavy load switching, motor 
starting, and feeder switching. Finally, the last twenty test cases focus on different fault 
simulation including phase-to-phase and three-phase faults, high impedance faults and 
single-phase, double-phase and three-phase ground faults.     
            The inception of all events (islanding and non-islanding) are simulated at t = 8 
seconds while the total simulation time is ten seconds. This choice is to ensure that all 
transients are captured in all cases. Note that, in cases involving ground faults, normally 
the faults are cleared after four cycles of their inceptions (i.e., at t = 8.0667 s) which 
includes one cycle ground fault detection time and a typical three cycles circuit breaker 
operational time [24]. 
            The literature on islanding detection in distribution system has identified some 
challenging cases where the identification of the island from other non-islanding cases 
becomes problematic. Examples of such cases are islanding cases with power mismatch 




switching. The following sub-sections provide the simulation results of all the 
challenging cases mentioned above including power system faults. 
 
4.3.1 Islanding Cases 
            This sub-section presents the simulation of islanding cases. The switch (SW4) is a 
normally closed switch and is kept closed in all islanding cases. On the other hand, the 
opening of the main circuit breaker leads to the formation of the island that includes the 
wind farm distributed generator. For islanding cases that include the second DG, the 
switch (SW1) is closed to simulate the connection of the synchronous DG, otherwise 
SW1 is open. Other switches such as SW2 and SW3 are normally open and are used to 
simulate the utility capacitor switching used to improve the power factor. 
       Different levels of active and reactive power mismatches are considered in the 
islanding cases which can be grouped into the following three scenarios: 
 
1. Positive power mismatch: deficit in power generation (PG < PD) 
2. Negative power mismatch: excess in power generation (PG > PD) 
3. Near-zero power mismatch: power generated closely matches the power demand 
(PG ≈ PD) 
 
            Table 4.1 lists the different levels of active and reactive power mismatches 




problematic in most previously published work in the literature where many islanding 
detection approaches failed to distinguish the islands at these power mismatch levels.  
 
Table 4.1 Power Mismatches in Islanding Cases 
 
Islanding Cases 
Near- zero active and reactive power mismatch  
+10% active power mismatch  
+20% active power mismatch 
-10% active power mismatch 
-20% active power mismatch 
+10% reactive power mismatch  
+20% reactive power mismatch 
-10% reactive power mismatch 
-20% reactive power mismatch 
 
            In case of a single DG (when the main circuit breaker is open and the island 
includes buses 611, 632, 633, 634, 645, 646, 652, 671, 675, 680, 684, and 692 is formed) 
the 900 kW wind farm supplies the local loads and the power mismatches listed in Table 
4.1 are simulated. The voltage signals at the PCC (bus 671) are sampled and the wavelet 
coefficients of the mean voltage are computed. It can be observed from Figs. 3.23 – 3.28 
that the energy of the change of mean voltage namely (COMV) coefficients calculated at 
the approximation sub-band for near-zero mismatch is the lowest compared to +10% 
active and -10% reactive power mismatches in single and two DG scenarios. The energy 
of COMV coefficients for near-zero power mismatch is also found to be the lowest 
compared to other positive and negative active and reactive power mismatches listed in 




            Subsequent sub-sections provide immunity testing of the proposed islanding 
detection approach in case of near-zero power mismatch island case against different 
operating conditions which are considered as non-islanding cases (such as capacitor 
switching, sudden load change, motor starting and feeder switching) which have been 
problematic to other previously developed islanding detection approaches in the literature 
as listed in Table 2.3. 
 
4.3.2 Capacitor Switching 
            The main function of capacitors in the distribution system is to counteract the out-
of-phase current demanded by inductive loads and hence not only improves the power 
factor at the load but also reduces the overall current magnitude delivered by the main 
source resulting in reduction of the distribution system losses. Electric Utilities usually 
perform capacitor switching twice every day [48] and every time this switching occurs it 
introduces transients in voltage (a change in the voltage waveform followed by damped 
oscillations that lasts until steady-state is reached as shown in Fig. 4.3). The voltage 
transient component associated with capacitor switching introduced difficulties for many 






Fig. 4.3: Transient in the voltage waveform resulting from capacitor switching 
 
       The effectiveness of the proposed islanding detection approach versus capacitor 
switching cases are presented in this subsection by introducing two switched capacitor 
bank and the calculation of the energy of COMV index is undertaken in the following 
two scenarios: 
 
1. Scenario 1: A 600 kvar shunt capacitor unit, referred to as C1 in Fig. 4.2, is 
switched on to phase-T, at bus 671 through switch SW2. The size and location of 
the capacitor are selected to minimize the real power losses in the IEEE 13-bus 
distribution system [49]. The capacitor is switched after 8 seconds and is kept 
connected till the end of simulation.   
 



































2. Scenario 2: A 600 kvar capacitor unit (referred to as C2 in Fig. 4.2) is connected 
to phase-T at bus 692 through switch SW3.  C1 is disconnected at the beginning 
of the simulation and the switching of C2 is connected at t = 8 seconds and 
remained connected till the end of simulation. The objective of switching this 
capacitor at bus 692 is to investigate the effect of voltage transients due to 
capacitor switching in the neighborhood of the DG, on the performance of the 
proposed islanding detection index. 
 
            The energy of the DWT-based COMV coefficients is computed for islanding 
cases (opening of main circuit breaker) with single DG at the PCC and the results are 
compared to the capacitor switching scenarios. Fig. 4.4 shows the energy of COMV 
values in case of capacitor switching compared to near-zero power mismatch island case 
considering single DG. It can be observed that the change in the energy of the wavelet 
coefficients become significant after 8.03 seconds (i.e., 0.03 seconds after the event 
initiation) in case of islanding compared to both capacitor switching scenarios. These 
results conclude that the proposed islanding detection index (COMV) is very sensitive to 
the islanding cases and hence successful in identifying the island from the one of the 












Fig. 4.4: Energy of wavelet-based COMV coefficients for capacitor switching compared to 
islanding case: (a) capacitor switching at bus 671, and (b) capacitor switching at bus 692 












































































4.3.3 Motor Starting  
            Large motors have a tendency to draw large current during the starting phase. 
This inrush current may result in a momentarily drop in the voltage at the bus to which 
the large motors are connected, resulting in a phenomenon called voltage dip [50]. The 
inrush current resulting from starting a 3-phase 700 horsepower (HP) induction motor is 
shown in Fig. 4.5 (a). Upon event initiation, there is a sudden increase in the current 
drawn by the induction motor followed by fluctuations for almost fifteen cycles before 
the current settles down to its nominal value. The impact of this inrush current is seen at 
the terminal voltage shown in Fig. 4.5 (b). During the motor starting (from the time of 
event initiation to the time when the current settles down to its nominal value), the 











Fig. 4.5: Three stages of a motor starting event: (a) current waveform, and (b) voltage waveform  































































            The transients in the voltage waveform resulting from large motor starting could 
potentially be misinterpreted as an island by any traditional islanding detection approach 
and hence could result in false tripping of DGs. Large motor starting has been 
problematic to almost all non-wavelet and wavelet based indices, previously adopted in 
the literature. Table 2.3 provides a list of islanding detection indices that failed to 
distinguish between islanding cases and large motor starting scenarios. The change in 
frequency, ROCOP and ROCPAD are examples of these indices.  
       The effectiveness of the proposed islanding detection approach to identifying the 
island situation from a large motor starting case is presented in this sub-section. A 3-
phase 700 HP induction motor which is considered sufficiently large motor according to 
ANSI/NEMA MG 1-2011 standard [51] is connected to the IEEE 13-bus at bus 671 in 
this thesis. The response of the proposed islanding index to motor starting at bus 671 is 
depicted in Fig. 4.6. The post-event deviation in the energy of COMV coefficients in case 
of motor starting are insignificant compared to islanding (near-zero power mismatch). 
This shows that the proposed COMV index is very sensitive to islanding which is not the 











4.3.4 Sudden Load Change 
            Load switching in a distribution system occurs quite often. Because load 
switching is considered as a part of normal operation of the system, it may be classified 
as a normal event [52]. Load switching can further be categorized as either light or heavy. 
When switching a light load, the variation in the voltage may not exceed the normal 
operating range (± 10% of nominal value). On the other hand, switching of a heavy load 
may cause the voltage to deviate outside the permissible limits.  
            Load switching is considered in this work to investigate the effect of voltage 
variation on the performance of the proposed islanding detection approach. Both light 







































load (10% of the entire system load) and heavy load (40% of the entire system load) 
switching are considered. Sudden load change is simulated by switching on a balanced 
three-phase load at bus 671. The loads are switched on at 8 seconds and remain 
connected till the end of simulation. Very small voltage variation results from the 
switching of light load after the event initiation compared to before the event initiation as 
shown in Fig. 4.7 (a). On the other hand, a 7% ((3.351 – 3.117)/3.351 ≈ 0.07) voltage 




















Fig. 4.7: Voltage variation resulting from (a) light load switching, and (b) heavy load switching 
 

































































            Fig. 4.8 investigates the impact of voltage variations introduced by light and 
heavy load switching on the proposed islanding index (COMV) compared with near-zero 
power mismatch island case. Again, the very small change can be seen in the energy 
values of the COMV coefficients after the event initiation in case of light and heavy loads 
switching compared to the large changes in the energy values in case of islanding. These 
results imply the robustness of the proposed wavelet-based islanding index to the case of 
sudden load switching which has been considered one of the most challenging cases to 



















Fig. 4.8: Energy of wavelet-based COMV coefficients for sudden load change compared to 
islanding case: (a) light load switching at bus 671, and (b) heavy load switching at bus 671 











































































4.3.5 Feeder Switching 
            Since the deregulation of the electric power system, electric utilities started to 
incorporate a computerized approach to automatically operate and control the distribution 
system in response to pre-programmed events. The term “distribution automation” which 
includes automatic switching of distribution feeders has emerged and is implemented to 
provide enhanced efficiency and reliability of the distribution networks. In a smart 
distribution system, the aim of the feeder switching process is to have an intelligent 
distribution system operated in a cost-effective manner. For example, feeder switching 
can be employed to transfer loads from one substation to another in an event where the 
transformer of a substation is out of service, or to isolate faults and maintain better 
operating conditions as part of distributed feeder automation.  
            From islanding detection perspective, feeder switching in unbalanced distribution 
system could be very problematic to any islanding detection approach and it has not been 
considered in any previous work as outlined in Table 2.3. Switching of feeders not only 
introduces transients in the voltage and current signals but also may affect the degree of 
the system unbalance.  
            Feeder 1 and switch SW4 in Fig. 4.2 are used to simulate the feeder switching 
process. Switch SW4 was originally open and then at t = 8 seconds it closes hence 
energizing feeder 1. The transient associated with the switching process in the three 
phases (R, S and T) of the voltage at bus 671 in the modified IEEE 13-bus test system 
with wind farm generator are presented in Fig. 4.9-4.11. The peak voltage of phase-R 
voltage before (3.512 V) and during (3.196 V) the event in Fig. 4.9 reveals that feeder 




the other hand, phase-S voltage shown in Fig. 4.10, experiences a spike and the change in 
the voltage magnitude before and after the event initiation is very small due to the 
presence of light load and the 200 kvar shunt capacitor installed at bus 675 providing 
reactive power support to that bus. Phase-T voltage at bus 671 also suffered a spike; but, 
unlike phase-S, phase-T further experiences a drop of 7.8% ((3.512-3.236)/3.512 ≈ 
0.078) in the voltage which was almost recovered within ten cycles as depicted in Fig. 
4.11.   
 
 
Fig. 4.9: Phase-R voltage at the terminals of bus 671 
 
 






































Fig. 4.10: Phase-S voltage at the terminals of bus 671 
 
 
Fig. 4.11: Phase-T voltage at the terminals of bus 671 
 

























   
   
   
 

























   
   































   
   
   


























   
   








            To investigate the performance of the proposed index, the transient voltage 
associated with the feeder switching case described earlier is used to calculate the 
wavelet based COMV index and the results are compared to the islanding case with near-
zero power mismatch. Fig. 4.12 shows the energy of COMV coefficients for both cases. 
In case of feeder switching, the energy of COMV index changes to a maximum value of 
2.784e+06 after 2 cycles (33ms) of event initiation while in case of islanding the value is 
of 1.052e+07 (≈ 4 times larger compared to feeder switching) after 2 cycles. This proves 









       







































       The plots for islanding and non-islanding test cases presented in this section show 
the effectiveness of the proposed algorithm in identifying the most challenging island 
case (near-zero mismatch) against non-islanding test cases, hence eliminating the NDZ 
which has been considered the major drawback of passive islanding detection techniques 
in the literature.  
       In order to quantify the effectiveness of the proposed islanding detection approach 
in identifying all the power mismatch island cases against non-islanding test cases, a 
normalized energy index (NEI) is utilized, defined as the ratio of the computed wavelet 
coefficients’ energies in both islanding (WCEI) and non-islanding cases (WCENI). 
 
			    (4.1)  
 
Large value (greater than one) of the normalized energy index, indicate high sensitive of 
the proposed algorithm to detect the islanding cases and therefore, it can be considered a 
measure of the robustness against the underlining non-islanding test cases. Based on the 
time domain energy plots, Figs. 4.4, 4.6, 4.8, and 4.12, for islanding cases with near-zero 
power mismatch against non-islanding test cases, the deviations in the energy of the 
wavelet coefficients for non-islanding test cases lasted for less than four cycles after 
event initiation. Keeping this in mind, the assessment of the normalized energy index is 
carried out after four cycles from event initiation. The normalized energy index computed 
after four cycles of event initiation is depicted in Fig. 4.13 for the single DG scenario 




axis shows the logarithmic value of the normalized energy index.  The positive 
logarithmic values of normalized energy index, shown in Fig. 4.13, assure successful 
identification of all island cases against all non-islanding test cases. Moreover, the 
proposed islanding detection algorithm in two DG scenario, Fig. 4.14, is effective 
(positive logarithmic value of normalized energy index) in distinguishing all islanding 
test cases from non-islanding scenarios after four cycles from event initiation. 












Fig. 4.13: Logarithmic value of normalized energy index computed for islanding power 
mismatches against all the non-islanding test cases after 4 cycles from event initiation in single 























































Fig. 4.14: Logarithmic value of normalized energy index computed for islanding power 
mismatches against all the non-islanding test cases after 4 cycles from event initiation in two DG 






















































           From Figs. 4.13-4.14, the proposed islanding detection algorithm requires four 
cycles to successfully identify all island cases. The computations of the COMV index to 
detect islanding operation in the case studies presented are performed using MATLAB on 
an Intel Core 2 Duo CPU @ 2.53 GHz with 4 GB RAM laptop machine. The islanding 
detection time in this thesis consists of 1) the time to sense/sample the voltage signals 
 over four cycles (66.66 milli-seconds) and 2) wavelet processing time  of 
roughly 4 ms.  The time to detect the island using the proposed islanding approach is 
evaluated for different active and reactive power mismatches listed in Table 4.1. The 
average islanding detection time was found to be 70.66 ms considering a threshold value 
of 3e+07. 
 
4.3.6 Performance under Fault Conditions 
           An important aspect of a smart distribution system is to ensure no conflict between 
the protection relaying functions and hence a proper coordination must be established 
between fault protection switchgear and the proposed islanding scheme. In this thesis, 
twenty fault cases are studied including phase-to-phase and three-phase faults, high 
impedance faults, and single-phase, double-phase and three-phase ground faults at 
location F1, F2, F3, F4 and F5 as shown in Fig. 4.2. The inception of all faults is 
simulated to be at eight seconds and all faults are assumed to be cleared after four cycles 




            The inception of faults could lead to two types of scenarios, exemplified as 
follows:  
 
1. First Scenario:  fault at F3 causing circuit breakers (CB1 and CB2 in Fig. 4.2) to 
open resulting into an island formation involving buses 611, 684, 652, 671, 680, 
692 and 675. 
 
2. Second Scenario: fault at F2 leading to opening of switch SW4 (shown in Fig. 
4.2) and hence disconnection of feeder 1.  In this scenario, no island is formed and 
therefore, this scenario is used in this section to evaluate the proposed islanding 
detection approach for nuisance tripping of the DG. 
 
            The above two scenarios resulting from double-phase fault (non-ground fault) and 
single-phase to ground fault are shown in Fig. 4.15 and 4.16. Figs. 4.15 – 4.16 presents 
non-ground and ground fault cases that have been cleared at 8.0667 ms (4 cycles after 
event initiation). Fig. 4.15 shows the energy of the change in the wavelet coefficients in 
case of double-phase fault. On the other hand, Fig. 4.16, depicts the energy of the change 
in the wavelet coefficients for single-phase ground fault. A similar pattern is observed for 














































































Fig. 4.15: (a) Double-phase fault resulting in island formation, (b) Double-phase fault leading to 
feeder disconnection 










































































Fig. 4.16: (a) Single-phase ground fault resulting in island formation, (b) Single-phase ground 
fault leading to feeder disconnection 
       Figs. 4.15 – 4.16 show that for non-ground faults and ground faults, the island 
may be considered active only after the fault is cleared and not during the fault. This 
coordination requirement is addressed in this work through a logical function as follows:  
            A logical function is introduced and it is capable of utilizing the presence of 
ground faults (normally detected as overcurrent) to block the trip signal that could be 
initiated by the islanding detection approach at the PCC where the DG is located.  
            By introducing a time delay to the trip signal initiated due to the overcurrent 
detection, the disconnection of the DG is avoided and hence, blocking the islanding 
detection trip signal. In practice, this logic can be achieved by combining the proposed 
islanding detection feature with a flexible logic function. Flexible functions are user-
programmable functions embedded within the relay and can be programmed to have the 
same characteristics as that of an overcurrent function but with a significant trip time 
delay. The flexible logic function with the introduced time delay will block the islanding 
detection trip signal in case of ground faults. 
            The combined islanding detection feature and the programmable flexible logic 
function embedded in a relay hereafter referred to as the islanding relay, should monitor 
the PCC bus which in our case is bus 671. In case of a ground fault the pickup signal 
initiated by the flexible logic function will be used to confirm whether the island detected 
physically exists or not. Fig. 4.17 shows the necessary logic to implement the 
overcurrent-based flexible logic function into the islanding detection approach and hence 
allowing the DG to trip only if the pickup signal of the flexible logic function is at state 
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Fig. 4.17: Implementation of the overall islanding detection algorithm embedding flexible logic 
function: (a) Logic diagram and (b) Truth table.  
 
            In compliance with relay specifications of electric manufacturing companies, the 
operational time stamp for an overcurrent function (the flexible logic function in this 
application) programmed to operate as an overcurrent function ranges between 16.67ms 
to 20ms (1 to 1.2 cycles); followed by a typical 50ms (3 cycles) operational time of the 
circuit breaker which further leads to initialization of the recloser timer. A reclosing 
scenario with 500ms delay, acquired from a local distribution company [24] is considered 
in this study. In situations where a ground fault results in an island formation, the 
maximum time to detect the formation of the island is limited by the reclosing time of the 




in case of an island formation resulting from inadvertent opening of circuit breaker(s), the 
detection time is not restricted by the recloser time rather is limited by IEEE Standard 
1547-2003 which recommends disconnection of DG within 2 seconds of island 
formation.  
            Fig. 4.18 illustrates the sequence of events along with the time stamp of the 
overall proposed islanding detection algorithm under the first scenario in case of a single-
phase to ground fault. The inception of single-phase to ground fault at F3 is simulated to 
be at t = 0ms. This fault is detected at 16.67ms by the overcurrent relays protecting buses 
632 and 671.  In response to this fault, the circuit breakers CB1 and CB2 open and hence 
isolating a section of the distribution system (island). In a similar timing, the flexible 
logic function within the islanding relay located at bus 671 detects the fault and the 
pickup signal goes high at 16.67ms and remains high. The formation of an island occurs 
at 66.67ms (50ms after initiation of the overcurrent trip signal by the overcurrent relays 
protecting buses 632 and 671). The presence of a ground fault is also sensed by the 
islanding detection algorithm at the PCC after an average time delay of 70.66ms. Due to 
the high status of the pickup signal generated by the flexible logic function, an islanding 
trip signal by the overall islanding algorithm is not initiated; preventing false tripping of 
DGs. The status of the pickup signal associated with the flexible logic function goes low 
at 83.33ms (1 cycle after opening of circuit breakers). The islanding detection algorithm 
detects the formation of an island at 137.33ms (average detection time of 70.66ms after 
island formation) and issues a trip signal as the pickup signal of the flexible logic 




190.66ms (utilizing ground fault detection time of 20ms) which is less than the reclosing 
time of the circuit breakers.  
 
 
Fig. 4.18: Timing diagram showing the performance of islanding detection technique in first 
scenario. (Values in the parenthesis are based on the maximum ground fault detection time by the 
flexible logic function) 
 
            The timing diagram for second scenario is shown in Fig. 4.19. A single-phase to 
ground fault at F2 is simulated at t = 0 ms. The timing of the sequence of events show 




fault at F2, no island is formed and hence no islanding trip signal is initiated. Therefore, 




Fig. 4.19: Timing diagram showing the performance of islanding detection technique in second 
scenario. (Values in the parenthesis are based on the maximum ground fault detection time by the 









            Finally, in case of inadvertent opening a breaker (for example CB2) resulting in 
the formation of an island (buses 611, 671, 675, 680, 684, 692), the proposed islanding 
scheme senses the formation of the island and issues a trip signal, upon checking the 
status of the pickup signal corresponding to the flexible logic function (low state in this 
case), and disconnects the wind farm DG as shown in Fig 4.20.  
 
 
Fig. 4.20: Timing diagram showing the performance of the overall islanding detection technique 






The flow chart of the overall proposed islanding detection algorithm embedding the 
flexible logic function is depicted in Fig. 4.21.  
 
 






4.4 Effectiveness of the Proposed Islanding Index in the Presence of Noise 
            The presence of noise may possibly degrade the performance of any detection 
algorithm especially when utilizing high frequency resolution bands obtained from 
Wavelet transform.  Since the proposed algorithm focuses on the approximation sub-
band, noise is not a major concern. However, to demonstrate the effectiveness of the 
proposed islanding detection algorithm in presence of noise, the mean voltage signal is 
corrupted by superimposing a white Gaussian noise to produce a SNR of 10 dB. The 
results of the normalized energy index evaluated after four cycles from event initiation 
for single and two DGs scenarios are shown in Figs. 4.22-4.23. It can be inferred from the 
3D plots depicting the normalized energy index (NEI), that the proposed index is immune 
to noise and is effective (positive logarithmic values of NEI) in detecting the island 

















Fig. 4.22: Logarithmic value of normalized energy index computed for islanding power 
mismatches against all the non-islanding test cases after 4 cycles of event initiation under 10 dB 
SNR for single DG scenario (Red refers to high normalized energy index and blue refers to low 




















































Fig. 4.23: Logarithmic value of normalized energy index computed for islanding power 
mismatches against all the non-islanding test cases after 4 cycles of event initiation under 10 dB 
SNR for two DG scenario (Red refers to high normalized energy index and blue refers to low 






























































5. Conclusion  
            This thesis presents a new approach for detecting island operations in electric 
distribution system considering renewable distributed generation. The proposed islanding 
detection approach relies on measuring the electrical signals at the point of common 
coupling at which the distributed generation is tied to the grid without injecting any 
power quality disturbances to the voltage or current waveforms and hence can be 
classified as passive or non-invasive method.  
Most of the previous work on islanding detection in distribution system 
embedded with distributed generation rarely acknowledged the fact that many operations 
in distribution system (including islanding) give rise to a non-stationary behaviour in the 
voltage and current waveforms. An appropriate time-frequency analysis tool that is 
capable of handling non-stationary signals needs to be applied for such analysis to be able 
to retain the necessary time-frequency information.  
In this thesis, wavelet transform is introduced to represent the voltage signals at 
the point of common coupling during islanding and other non-islanding operations (such 
as capacitor switching, sudden load change, motor starting and feeder switching). Unlike 
other islanding detection approaches previously presented in the literature, the proposed 
islanding detection approach utilizes the energy of mean voltage calculated in the wavelet 
time-frequency domain. Most of the non-wavelet-based and wavelet-based islanding 
indices previously presented in literature have failed to detect islands with power 
mismatch below 15%. Moreover, these indices are sensitive to non-islanding test cases 
resulting in nuisance tripping of DGs. Also, evaluating the performance of the islanding 




those indices that have been tested in the presence of a highly distorted environment (  
20 SNR) have resulted in false tripping of DGs.  Moreover, the justification behind the 
use of wavelet basis function and appropriate wavelet sub-band for the wavelet-based 
indices introduced in literature was not provided.  
In wavelet transform, a basis function is selected and a set of coefficients are 
calculated at different wavelet decomposition levels (frequency sub-bands) to measure 
the degree of similarity between the analyzed signal and the chosen wavelet basis 
function. The wavelet library is rich in basis functions having different time and 
frequency characteristics and therefore the choice of the basis function in this analysis 
plays a crucial role. In the literature, Daubechies, Symlet and Coiflet wavelet families are 
proven to be effective for applications involving detection in electric power systems. 
Specifically, Daubehcies with order 4 (db4) and 10 (db10), Symlet of order 4 (sym4), 8 
(sym8) and 10 (sym10), and Coiflet with order 3 (coif3) and 5 (coif5) have been 
successfully implemented to detect many types of faults and power quality issues. As a 
result, among a wide variety of wavelet basis functions, the above mentioned set of 7 
wavelets was assessed for islanding detection.  
The energy of the wavelet coefficients obtained from a given wavelet basis 
function at a certain wavelet sub-band is directly proportional to the similarity between 
the wavelet basis function and the signal under study. Keeping this in mind, the energy of 
the proposed mean voltage index is computed and evaluated in different islanding and 
non-islanding cases using the chosen seven wavelet basis functions and considering five 




in which the wavelet coefficients have highest energy and 2) the wavelet basis function 
that is sensitive only to islanding and not to any other non-islanding cases.  
The results of the islanding and non-islanding cases presented in chapter 3 have 
shown that the coefficients at the approximation level (which contains the power system 
frequency) have the highest energy compared to other wavelet decomposition levels and 
therefore, the approximation level is selected to be the frequency sub-band of interest in 
this work. Also, the results presented in the same chapter reveals that Coiflet family and 
in particular Coiflet with order 3 and 5 showed the lowest energies of wavelet 
coefficients for non-islanding test cases compared to islanding cases which demonstrate 
the sensitivity of Coiflets to islanding operation and not to other non-islanding operation 
such as capacitor switching, sudden load change, feeder switching, etc.). Therefore, 
Coiflet family was chosen in this work and for its better time localization (compact 
support width) compared to other wavelet member in this family, Coiflet wavelet of order 
3 was chosen in the analysis presented in this thesis.  
In this work, the proposed islanding detection mean voltage index has undergone 
extensive testing including fifty islanding and non-islanding test cases.  The original 
IEEE 13-bus test system was modified to include renewable-based distributed generation. 
The performance of the proposed passive wavelet-based islanding detection method was 
carried out under simulated islanding scenarios considering a single wind farm 
distributed generator and also a combination of wind farm generator and a synchronous 
distributed generator. Most importantly, the assessment under non-islanding test cases 
including feeder switching have been taken into consideration in this work which has not 




The results have shown that the energy of the change in the mean voltage 
coefficients index using Coif3 provide large values in case of islanding compared to other 
non-islanding cases. Unlike other previous work, the proposed mean voltage index has 
proven to be very sensitive to challenging islanding cases (near zero power mismatch; i.e. 
below 15%). Moreover, the proposed index was shown to be immune against other 
challenging non-islanding test cases such as capacitor switching, sudden load change, 
motor starting and feeder switching which have been problematic to islanding detection 
in many previous studies.  
The coordination between the proposed islanding detection scheme and other 
protection switchgear functions has been also studied in this thesis in order to avoid any 
conflicts between their operations. In this work, the use of logic functions, programmed 
to operate as an overcurrent function with a trip time delay is introduced. The developed 
logic function is utilized to block the trip signal initiated by the proposed islanding 
detection in case of ground faults, thus allowing the DG to be tripped only when the 
island is formed.   
The work presented in this thesis also investigates the effect of noise on the 
performance of the proposed islanding detection mean voltage index. The objective is to 
test the immunity of the proposed islanding detection algorithm when the voltage signals 
are contaminated with noise which is a common situation in today’s distribution system 
measurement. A highly distorted noisy environment is simulated by injecting noise (10 
SNR) to the voltage signals collected at the point of common coupling and the results 
have proven the effectiveness of the proposed islanding detection algorithm to 




Finally, one of the salient features of the proposed islanding detection method in 
this thesis work is the zero Non-detection Zone (NDZ) of the proposed passive islanding 
detection method which has not been achieved in any of the previously published work to 
the best knowledge of the authors. Moreover, the proposed islanding detection approach 
was able to detect the island operation within an average detection time of 70.66 milli-
seconds from the island formation in almost all cases considering different active and 
reactive power mismatches which is less than 2 seconds as recommended by the IEEE 
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IEEE 13-bus Distribution System Data 
 
Table A.1 Line Segment Data 
Node A Node B Length (ft.)
632 645 500 
632 633 500 
633 634 0 
645 646 300 
650 632 2000 
684 652 800 
632 671 2000 
671 684 300 
671 680 1000 
671 692 0 
684 611 300 
692 675 500 
 
 
Table A.2 Transformer Data 
 kVA kV-high kV-low R (%) X (%) 
Substation 5000 115-D 4.16 – Gr. Y 1 8 

















675 200 200 200 
611 - - 100 
 
 
Table A.4 Regulator Data 
Line Segment  650 – 632    
Location 50   
Phases R – S – T    
Connection 3 Phases,  
Line-to-ground
  
Monitoring Phase R – S – T    
Bandwidth 2 volts   
PT Ratio 20   
Primary CT Rating 700   
Compensator Settings Phase – R  Phase – S  Phase – T  
R – Setting  3 3 3 
X – Setting  9 9 9 














Table A.5 Spot Load Data 
Node  Load  
Model
Phase – R 
(kW)  




Phase – S 
(kVAR) 




634 Y-PQ 160 110 120 90 120 90 
645 Y-PQ 0 0 170 125 0 0 
646 D-Z 0 0 230 132 0 0 
652 Y-Z 128 86 0 0 0 0 
671 D-PQ 385 220 385 220 385 220 
675 Y-PQ 485 190 68 60 290 212 
692 D-I 0 0 0 0 170 151 
611 Y-1 0 0 0 0 170 80 
Total  1158 606 973 627 1135 753 
 
 

























632 671 Y-PQ 17 10 66 38 117 68 
 
 
Table A.7 Parameters of Inverter-based Wind Farm DG at Bus 671 
Parameters Value 
Rated power (MW) 1.2  
Rated voltage (V) 690  
Base angular frequency (Hz)  60  
Inverter rating (p.u.) 1.2  
Rotor radius (m2) 40 
Air density (kg/m3) 1.225 
Stator resistance (p.u.) 0.0054 
Rotor resistance (p.u.) 0.00607
Magnetizing inductance (p.u.) 4.5 
Stator leakage inductance (p.u.) 0.10 






Table A.8 Parameters of Synchronous DG at Bus 634  
Parameters Value 
Rated power (kW) 600  
Rate voltage (V) 690  
Base angular frequency (Hz)  60  
Stator resistance (p.u.)  0.066 
Stator leakage inductance (p.u.) 0.046 
Magnetizing inductance (p.u.) 3.86 
Rotor leakage inductance (p.u.) 0.0122
 
 
 
 
 
 
 
 
 
 
 
 
